A gronomy J our n al • Volume 101, I s sue 4 • 2 0 0 9 727 C orn silage is an integral part of most dairy cattle rations and is the predominant forage fed to high-producing dairy herds in the United States (Jordan and Fourdraine, 1993) . Th e removal of both grain and stover for silage increases the risk of soil degradation due to several mechanisms. Th e lack of aboveground residue leaves the soil vulnerable to runoff and erosion, even without tillage, and insuffi cient biomass return can degrade the soil through loss of soil organic C and nutrient depletion. An important question for many dairy farmers is how to produce this important feed without exacerbating soil erosion or risking future soil productivity. A similar question is also being asked by those considering the harvest of corn stover as feedstock for bioenergy and other bioproducts (Wilhelm et al., 2007) .
C orn silage is an integral part of most dairy cattle rations and is the predominant forage fed to high-producing dairy herds in the United States (Jordan and Fourdraine, 1993) . Th e removal of both grain and stover for silage increases the risk of soil degradation due to several mechanisms. Th e lack of aboveground residue leaves the soil vulnerable to runoff and erosion, even without tillage, and insuffi cient biomass return can degrade the soil through loss of soil organic C and nutrient depletion. An important question for many dairy farmers is how to produce this important feed without exacerbating soil erosion or risking future soil productivity. A similar question is also being asked by those considering the harvest of corn stover as feedstock for bioenergy and other bioproducts (Wilhelm et al., 2007) .
Two management practices, application of manure and use of companion or cover crops, have been proposed as strategies that could make silage production more sustainable. Th ese practices provide an input of C (i.e., organic matter) to serve as an energy source and substrate for biological activity and create cover to decrease the length of time that soils are bare. But how can we determine whether manure application and/or cover crops are truly improving soil quality and, thus, making corn silage production more sustainable?
One approach is to simply monitor changes in various soil biological, chemical, or physical properties and processes. Another more holistic approach is to use those data as indicators of soil quality (Karlen et al., 1997) and to interpret them using indexing tools such as the Cornell Soil Health Assessment (Idowu et al., 2008) or the SMAF . Using the SMAF, Karlen et al. (2006) found that total soil organic C was the most sensitive indicator for detecting soil quality diff erences among crop rotations at three locations in Iowa and Wisconsin. In a regional study, Wienhold et al. (2006) found that combining more diverse crop rotations with reduced tillage and less frequent fallow periods improved soil function at several sites throughout the Great Plains. Incorporation of cover crops into corn silage systems mimics more extended rotations by reducing the length of time soils are left bare (fallow) between crops.
What soil quality indicators are most likely to be aff ected by manure application and/or the use of companion or cover crops? Several researchers have reported an increase in waterstable aggregation and lower bulk density and/or penetrometer resistance from manure application (Arriaga and Lowery, 2003; Fraser et al., 1988; Sommerfeldt and Chang, 1985) .
However, others have found no eff ect on bulk density (Eghball, 2002) or penetrometer resistance (Miller et al., 2002) . Th e organic C additions from manure have oft en increased soil microbial biomass (Fraser et al., 1988; Lupwayi et al., 2005; Peacock et al., 2001) , but this response has been inconsistent across locations and years (Lupwayi et al., 2005) . One reason for this variability is diff erences in the type of manure being applied. For example, solid cattle manure increased microbial biomass C more than liquid hog manure (Lupwayi et al., 2005) . In another long-term (60-yr) study, microbial biomass was higher in NPK-fertilized treatments than in those with residual manure. Th is response was attributed to higher turnover rates of available organic C in the fertilized treatment (Belay et al., 2002) .
Legume and grass cover crops have also been shown to improve physical, chemical, and microbial soil properties that impact soil quality (Dabney et al., 2001; Magdoff and Weil, 2004) , but not always and not for every indicator. In loam soils, cover crops increased the percentage of water-stable aggregates (Dapaah and Vyn, 1998; Villamil et al., 2006) and decreased bulk density and penetrometer resistance (Villamil et al., 2006) . However, on a loamy sand (Ball-Coelho et al., 2000) , winter rye had minimal eff ect on macroaggregate stability, attributed by the authors to the inability of humic materials to bind sand grains. In studies by Galvez et al. (1995) , Mendes et al. (1999) , and Sainju et al. (2003) , microbial biomass or other measures of microbial activity were increased by legume or cereal cover crops. Similarly, Koide (2000, 2002) showed a linear relationship between water-stable aggregates and arbuscular mycorrhizal fungi, which were both increased by wheat (Triticum aestivum L.) and rye cover crops. However, Sainju et al. (2003) reported no signifi cant eff ect of cover crops on soil bulk density or mean weight diameter of dry soil aggregates, and Mendes et al. (1999) found no diff erences in soil aggregate size distribution.
Improved soil quality is oft en attributed to inputs of biomass C that can lead to increased total soil C in some cases (Villamil et al., 2006) , but not always (Mendes et al., 1999) . Th e common link between applying manure and using companion or cover crops is the input of additional C (i.e., organic matter) that serves as an energy source, a substrate for biological diversity, and a driving force for improved soil quality . Increases in soil organic C or organic matter have oft en been reported from application of solid manure (Eghball, 2002; Fraser et al., 1988; Magdoff and Amadon, 1980; Miller et al., 2002; Sommerfeldt and Chang, 1985) , but application of liquid dairy manure showed no eff ect on total organic C in an 8-yr experiment on corn (Lithourgidis et al., 2007) nor on SOM in a 30-d incubation study (Briceno et al., 2008) .
Th e amount of C input and its subsequent eff ect on soil quality is infl uenced by the type and amount of manure or cover crop growth . Th e extent of mixing or degree of stratifi cation with depth (Blanco-Canqui et al., 2006; Franzluebbers, 2002) is another factor infl uencing the eff ectiveness of the added C.
Soil organic matter accumulation improves soil quality by decreasing bulk density, surface sealing and crust formation, and by increasing aggregate stability, cation exchange capacity, nutrient cycling, and biological activity Kay, 1990) . Th e labile or active pool of soil C has been shown to be more sensitive to soil management eff ects than total organic C Weil et al., 2003) . Other eff ects of manure applications have included increased soil pH and soil test P (Eghball, 2002; Lithourgidis et al., 2007) , the former attributed to CaCO 3 in the cattle diet (Eghball, 2002) .
To quantify the eff ects of liquid manure application and cover/companion crops on soil quality indicators within a corn silage production system, we established several cropping systems that included legume or grass companion/cover crops and liquid dairy manure. Our objective was to evaluate the eff ect of these management variables on selected soil physical, chemical, and biological properties and on overall index of soil quality aft er 4 yr of treatment.
MATERIALS AND METHODS

Field Methods
Soil samples were collected in November 2006 aft er 4 yr of a fi eld experiment, in which glyphosate-resistant corn was planted in early May and grown for silage in no-till cropping systems that included liquid dairy manure and cover crops. Th e fi eld site was on a Bertrand silt loam (fi ne-silty, mixed, superactive, mesic Typic Hapludalfs) with 1 to 3% slope at the U. (Table 1) . Th e following subset of treatments with annual spring-applied manure were selected for soil sampling for this study: (i) alternating years of corn grown with kura clover (KC-C) and kura clover as a forage crop (KC-F); (ii) alternating years of red clover interseeded into corn (RC-C) and red clover as a forage crop (RC-F); (iii) continuous corn with interseeded Italian ryegrass (IR-C); (iv) continuous corn with fall-seeded winter rye (WR-C); and (v) continuous corn with manure but no cover crop (NC-Man). We also soil sampled the treatment 
Italian ryegrass interseeded into corn; C-RC, red clover interseeded into corn; C-WR, cereal winter rye seeded after corn harvest; est., established; IR-C, Italian ryegrass-corn; KC-C, kura clover-corn; KC-F, kura clover forage; RC-C, red clover-corn; RC-F, red clover forage; WR-C, winter rye-corn; NC-FN, no-cover, N fertilized corn; NC-Man, no-cover, manured corn. ‡ Fertilizer N applied in early May as NH 4 NO 3 at rate of 112 kg N ha -1 to all corn treatments. § Fertilizer N applied in early May as NH 4 NO 3 at rate of 168 kg N ha -1 to all corn treatments. ¶ Liquid manure applied in April at rate of 110,000 L ha -1 on all treatments except NC-FN. of continuous corn grown with synthetic N fertilizer, but without cover crops or manure (NC-FN) .
During corn production, kura clover was suppressed with glyphosate [N-(phosophonomethyl) glycine) + diglycolamine] in both late April and early June while clover directly over each corn row was killed by a band application of clopyralid (3,6-dichloro-2-pyridinecarboxylic acid) immediately aft er planting (Zemenchik et al., 2000) . For all other corn treatments, glyphosate followed by 2,4-D (2,4-dichlorophenoxyacetic acid) ester was applied before corn emergence in early May, and a second application of glyphosate was made in early June. Just aft er the June glyphosate application, red clover was interseeded into corn with a no-till drill. Th e year following corn production, kura clover and red clover were harvested for forage in mid-June, late July, and early September. Aft er forage production, the RC-F treatment received a glyphosate burndown spray in mid-October in preparation for corn production the following year. Both phases of the corn-clover rotations were present every year. During each year of continuous corn, a no-till drill was used to seed Italian ryegrass following glyphosate application in early June. Winter rye was seeded aft er corn harvest in mid to late September. Plots were 6 × 9 m in size and arranged in a randomized complete block design with four replicates.
All treatments except NC-FN received surface-applied liquid dairy manure in early April at a rate of 110,000 L ha -1 to supply an average of 271, 38, and 183 kg N, P, and K ha -1 each year. Th e solids content of the manure averaged 44 g kg -1 but varied by year from 35 to 61 g kg -1 . Th e type of bedding material in the manure also varied somewhat by year, and was a mixture of straw, sawdust, and separated manure solids. For the fi rst 3 yr of the experiment (2003) (2004) (2005) , a portion (approximately one-third) of the manure supply was passed through a solids-separator to remove solids for use as bedding. Th e liquid portion was added to the concrete manure storage pit, resulting in manure with lower total solids content and a lower proportion of larger particle-size solids than typical liquid dairy manure. Over the 4-yr period, liquid manure contributed a total of about 19,500 kg ha -1 of solids to the various treatments.
Starter fertilizer was band-applied to corn at planting at a rate to supply 6, 7, and 39 kg ha -1 of N, P, and K, respectively. No additional N fertilizer was applied to corn grown in rotation with kura clover or red clover. In continuous corn plots, NH 4 NO 3 was broadcast in early May to provide 168 kg N ha -1 to the NC-FN treatment and a total of 180 kg N ha -1 (fertilizer N plus estimated manure N credit) to the NC-Man, IR-C and WR-C treatments (85, 67, 39-67, and 70 kg ha -1 fertilizer N applied in 2003, 2004, 2005, and 2006) . Fertilizer K was applied to the NC-FN treatment in October 2004 and in May 2006 at a rate of 65 kg ha -1 to maintain K levels, as recommended by soil tests.
Soils were hand-sampled in November 2006 aft er the fourth and fi nal year of the study. We chose the fall, postharvest time because we expected it would be a fairly stable time (cool temperatures, no recent manure or fresh biomass additions) for assessing long-term eff ects. We took 16 cores, 38-mm in diameter, from each plot, 4-cores along a 1-m transect from each of four quadrants. Two cores from each transect were taken to a 30-cm depth and two to a 15-cm depth. To the extent possible, we avoided sampling in visible wheel tracks and within-row, but it is likely that some wheel-track areas from past years were sampled. Cores were separated into depth increments of 0 to 5, 5 to 15, and 15 to 30 cm, resulting in 16 cores per plot from the two top depths and eight from the lower depth. Soil samples were placed in plastic bags and stored on ice until delivery to the lab. We determined penetration resistance using a constant rate recording cone penetrometer with a cone base of 129 mm 2 and a penetration rate of 8 mm s -1 (Lowery, 1986) . We made four measurements per plot, one near each soil sampling transect, with readings every 0.5-cm to a depth of 30-cm. Because of a data logger malfunction, data were collected from only three fi eld replicates.
Laboratory Methods
Th e fi eld-moist samples were weighed before further processing. Aft er hand-mixing, a subsample (100 g) was removed and immediately frozen for subsequent lipid analysis to assess microbial populations. Th e remainder of the fi eld-moist soil sample was passed through an 8-mm screen. Gravimetric soil water content was determined on a 200-g subsample by drying at 105°C. Bulk density was calculated from the dry weight and the volume of the 8 or 16, 38-mm-diam. cores from each depth, an approach that has been used in other soil quality assessment studies (Clark et al., 2004; Karlen et al., 2006) . Aggregate stability was determined on 100-g air-dried subsamples using a wet-sieve method (Cambardella and Elliott, 1993) with fi ve sieves that separated stable aggregates into the following macroaggregate size classes: 4 to 8, 2 to 4, 1 to 2, 0.5 to 1, and 0.25 to 0.50 mm. We combined individual size classes to create three size categories of water-stable macroaggregates: All (0.25-8 mm), Small (0.25-2 mm), and Large (2-8 mm), each expressed on the basis of the total soil mass (g kg -1 ). To characterize stable aggregate size distribution, we calculated mean weight diameter, a single-number index equal to the sum of the fraction of total soil mass in each aggregate size class (including < 0.25 mm), weighted by the mean diameter of each size class (Vansteenbergen et al., 1991) . Samples were dried at 50°C, passed through a 2-mm screen, and analyzed for water pH, extractable P and K (Bray P1), and SOM (weight loss on ignition) (Peters, 2007) . Biologically active soil C was estimated using a method described by Weil et al. (2003) , in which readily oxidizable (active) forms of soil C react with dilute KMnO 4 resulting in a reduction in color intensity that is measured colorometrically.
Microbial biomass and microbial community composition were determined by measurement of phospholipid fatty acids (Peacock et al., 2001; Vestal and White, 1989) . Lipid analysis was done on only the two upper soil layers, where the greatest microbial activity and treatment eff ects were expected. Briefl y, we extracted, purifi ed, and identifi ed phospholipid fatty acids from microbial cell membranes in soil samples using a hybrid lipid extraction based on a modifi ed Bligh and Dyer (1959) technique (Kao-Kniffi n and Balser, 2007) . Fatty acids were quantifi ed by comparisons of peak areas from the sample compared with peak areas of two internal standards of known concentration (9:0, nonanoic methyl ester, and 19:0, nonadeconoic methyl ester). In all statistical analyses, we used only fatty acids that were identifi able and present at >0.005 mol fraction. Terminology to describe fatty acids is described elsewhere (Arao, 1999; Baath and Anderson, 2003; Steenwerth et al., 2003) . Th e total nmol lipid g -1 soil was used as an index of microbial abundance (Balser and Firestone, 2005; Hill et al., 1993; White et al., 1979; Zelles et al., 1992) . Th e ratio of fungal to bacterial mass was calculated by dividing the average lipid abundance for fungal indicators by the average abundance for the bacterial indicators.
Soil Management Assessment Framework Soil Quality Index
Th e SMAF SQI is a tool for assessing the impact of management practices on soil functions associated with management goals of crop productivity, waste recycling, or environmental protection . Specifi c soil properties, or indicators, are transformed via scoring algorithms into unitless scores (0 to 1) that refl ect the level of function of that indicator, with 1 representing the highest potential. Th e nonlinear scoring algorithms take one of three general shapes-moreis-better, less-is-better, or midpoint optimum. Th e SMAF user is directed to select between four and eight indicators, representing physical, chemical, and biological properties, from the set of 10 for which scoring algorithms have been developed and published . We used the fi ve indicators for which we had data-total organic C (estimated from SOM), water-stable aggregates, pH, soil test P, and bulk density. We calculated SMAF scores for each parameter using scoring algorithms in an Excel spreadsheet (Susan Andrews, personal communication, 2007) and combined the scores to obtain an overall SMAF SQI for each treatment. Th e SMAF scores and the SQI were calculated for only the 0-to 5-and 5-to 15-cm depths because SMAF is designed for use in the surface, or plow, layer of soil.
Statistical Analyses
Based on Levene's homogeneity of variance test (P = 0.05), data were transformed if necessary (most frequently square root or log) to stabilize variances. Two-factor, repeated measures, randomized complete block ANOVAs were performed using PROC MIXED in SAS to detect treatment and depth main eff ects and interactions for each dependent soil variable (SAS Institute, 2006) . Single-factor ANOVAs were then performed using PROC GLM in SAS to examine treatment diff erences at each depth. If a signifi cant F test (P < 0.10) was obtained from an ANOVA, Duncan's New Multiple Range test was used for determining treatment diff erences at P = 0.10. All analyses were performed using transformed data where necessary, but raw data is presented for ease of interpretation.
Penetration resistance data were averaged over 2.5-cm depth increments and fi tted to weighted regression equations of the mean force response as a function of depth, using the standardized weighting of 1/variance. A general linear model F test using full and reduced models was used to determine if there were overall diff erences among treatment equations. If diff erences (P = 0.05) among the eight equations were found, a distance metric comparing the area between equations was used for pairwise multiple comparison tests of treatment equation diff erences (Palmquist et al., 1993) . Analyses were performed using PROC REG in SAS (SAS Institute, 2006) , TableCurve 2D (AISN Soft ware, 2000), and TrueBasic (True-BASIC, 1988).
RESULTS AND DISCUSSION
Chemical Assessments
Extractable P and K, SOM, and active C decreased with depth in all treatments, as would be expected in a no-till system, resulting in a signifi cant main eff ect of depth (Table 2 ). All parameters except SOM exhibited signifi cant main eff ects of treatment and/or interaction. Th ere were signifi cant eff ects in the surface (0-5 cm) depth for pH, P, K, and active C. Although the results were not fully consistent, the NC-FN (no manure nutrients) and clover forage treatments (no starter fertilizer) tended to have the lowest P and K concentrations. Th e (16) NS (9.7) † KC-C, kura clover-corn; KC-F, kura clover forage; RC-C, red clover-corn; RC-F, red clover forage; IR-C, Italian ryegrass-corn; WR-C, winter rye-corn; NC-FN, no-cover, N fertilized corn; NC-Man, no-cover, manured corn. ‡ SOM, soil organic matter. § The same letters within a column at each depth denote no signifi cant differences at P = 0.10 based on Duncan's multiple range test. No letters within a column indicates no signifi cant differences within that depth increment. ¶ Values in parentheses are coeffi cients of variation, CV. NS = nonsignifi cant at P = 0.10.
highest test levels were those from treatments in continuous corn (IR-C, WR-C, and NC-Man) or, in some cases, clover companion with corn in the soil sampling year (RC-C for P, KC-C for K), probably because of the P and K from starter fertilizer. Soil test P and K in the 0-to 15-cm depth were, however, all at optimum or higher levels for crop production (Laboski et al., 2006) , so the diff erences are not likely to be of agronomic importance. Th ere were signifi cant eff ects of treatment and depth on soil pH, but there were no consistent patterns and all were within the optimum range for agronomic crop production (Laboski et al., 2006) . While application of solid manure has been shown to increase SOM (Eghball, 2002) , the lack of eff ect on SOM in this experiment is consistent with other reports with liquid cattle manure (Briceno et al., 2008; Lithourgidis et al., 2007) or pig slurry (Plaza et al., 2004) . In the latter case, multiple rates of pig slurry applied annually for 4 yr resulted in either no eff ect or, at the highest rate, a decrease in soil total organic C, attributed by the authors to partial mineralization of soil organic C from the addition of slurry with readily decomposable organic C and relatively high N content (Plaza et al., 2004) .
In contrast to total SOM, there were signifi cant treatment eff ects on the active C fraction of SOM in the two surface depths (Table 2) . While active C was linearly related to SOM (Fig. 1) , the signifi cant treatment eff ects support the claim that active C is more sensitive to management practices Weil et al., 2003) . All cover/companion treatments had higher active C levels than the NC-Man treatment in the 0 to 5-cm depth, and all but one were signifi cantly higher than the NC-FN treatment. In the 5-to 15-cm depth, all but one of the cover crop treatments had greater active C than the NC-Man treatment (Table 2) . Th ese results indicate that cover and forage crops contribute to the active, or labile, C pool. Manure alone did not increase active C and, in fact, in the 5-to 15-cm depth, the NC-Man treatment was slightly lower than NC-FN. As noted above, this may be the result of partial mineralization of soil organic C because of the addition of manure with readily decomposable organic C and relatively high N content (Hernandez et al., 2007; Plaza et al., 2004) . Application of N fertilizer to the continuous corn plots a few weeks aft er manure application may have further facilitated this process. Any short-term eff ects may have been missed due to the 7-mo lapse between manure application and soil sampling. Th e higher active C levels in the fertilized treatment may have been in part because N fertilizer stimulated mineralization of the relatively high soil organic C (4% SOM) built up from long-term corn grain-soybean-winter wheat rotation and periodic manure application in years before this experiment.
Physical Assessments
Th ere was a signifi cant soil-depth main eff ect on bulk density, water content, and all sizes of water-stable aggregates, with bulk density increasing and aggregate stability decreasing with depth, while soil moisture was variable (Table 3) . Th ere were signifi cant main treatment eff ects only on large macroaggregates, mean weight diameter, and water content. Treatment signifi cantly aff ected bulk density in the surface layer, with RC-F and NCMan being the highest and IR-C and WR-C being the lowest. Soil water content in the 0-to 5-cm layer was highest in kura clover treatments.
Th ere were signifi cant treatment eff ects on large macroaggregates and mean weight diameter of stable aggregates at all individual depths (Table 3) . With some exceptions, large macroaggregates tended to be more abundant, particularly in the 0-to 5-cm depth, in companion/cover treatments than in the NC-Man treatment. Evaluated across all depths, all cover and forage treatments had more macroaggregates than the NC-Man treatment, while KC-F, KC-C, and IR-C treatments had more macroaggregates than either NC treatment (at P = 0.10, statistics not shown). Th is is consistent with other reports of increased aggregate stability with legume and grass/cereal cover crops (Dapaah and Vyn, 1998; Kabir and Koide, 2000; Villamil et al., 2006) . Mean weight diameter, another approach for assessing overall aggregate stability, showed a similar treatment pattern to that of large macroaggregates, suggesting that large macroaggregates were the dominant factor in the mean weight diameter calculations. Further evidence is that mean weight diameter and large macroaggregates exhibit a strong linear relationship (R 2 = 0.96; data not shown).
Penetration resistance (Fig. 2) increased linearly from the surface to about the 10-cm depth and then remained fairly constant to about 25 cm, with some treatments decreasing below that depth. Although the fi eld has been under no-till for a number of years, the maximum values in the 10-to 25-cm range may still refl ect a tillage pan from long-term historical tillage operations such as moldboard plowing or disking. While treatments were statistically diff erent at only three depth increments (Fig. 2) , there were trends in treatment diff erences with depth. Individual treatments appeared fairly similar in the upper 7.5 cm, except for KC-F, which increased with depth less than the others. In the intermediate depth range, the IR-C and WR-C cover-crop treatments showed the greatest resistance, while two of the clover treatments (KC-F and RC-C) were the lowest. Th e numerically lower penetration resistance of the KC-F treatment in the surface layer is likely a refl ection of the dense rhizome/root mass characteristic of KC, although it could also have been aff ected by the higher gravimetric soil moisture content (Table 3) (Busscher et al., 2006) . Th ere were no signifi cant moisture content diff erences in the 5-to 15-and 15-to 30-cm depths, so soil moisture was not likely a factor in treatment eff ects in those depth increments. Regression analysis to compare penetration resistance across the full depth range generally supported these trends (Table 4) . Th e IR-C and WR-C treatments had signifi cantly higher penetration resistance than all other treatments except NC-Man; or, alternatively, the four clover treatments had lower resistance than the IR-C and WR-C covers and NC-Man (P = 0.05). Th e low resistance of the clover treatments could be expected because there was essentially continuous growth and/or year-round cover, and any compaction from the corn planting operation occurred only in alternate years. Th e greater resistance in the grass cover crops (IR-C and WR-C) is more perplexing. It may be related to the annual seeding operation, possibly creating some compaction in the 7-to 20-cm zone.
Microbial Assessments
Th ere were signifi cant main eff ects of both treatment and (usually) depth on total microbial biomass (sum of all lipids present in greater than 0.005 mol fraction), separate microbial lipid indicator groups, and fungi/bacteria ratio (treatment only) (Table 5 ). Abundance in all lipid groups was signifi cantly higher in the 0-to 5-than in the 5-to 15-cm depth. Th ere were signifi cant treatment diff erences in both depth increments, but patterns were more distinct in the 0-to 5-cm depth (Table 5) . Signifi cant diff erences were oft en limited by extreme variability as evidenced by CVs of 25 to >50% in many cases. In the 0-to 5-cm depth, total microbial biomass was significantly greater for all cover/companion crops except WR-C than for the NC-Man treatment. (Table 5) . Th e arbuscular mycorrhizal fungi abundance was signifi cantly greater for clovers than for NC treatments. Th is eff ect, plus a similar trend in saprophytic fungi, led to a signifi cantly higher fungi/bacteria ratio for KC-F than for all other treatments and to a trend of clover treatments > IR-C, WR-C, and NC (Table 5) . Th e IR-C treatment had signifi cantly higher quantities of several microbial lipid groups, primarily in the 5-to 15-cm depth (20) † KC-C, kura clover-corn; KC-F, kura clover forage; RC-C, red clover-corn; RC-F, red clover forage; IR-C, Italian ryegrass-corn; WR-C, winter rye-corn; NC-FN, nocover, N fertilized corn; NC-Man, no-cover, manured corn. ‡ Water-stable aggregate size categories: All (0.25-8 mm), small (0.25-2 mm), and large (2-8 mm), expressed on the basis of total soil mass; and MWD, mean weight diameter (in mm). § The same letters within a column at each depth denote no signifi cant differences at P = 0.10 based on Duncan's multiple range test. No letters within a column indicates no signifi cant differences within that depth increment.
(total microbial biomass, arbuscular mycorrhizal fungi, actinomycetes, and monounsaturated lipids). Th is may reflect a more developed fibrous root system in that soil depth compared with the tap root system of the red clover and the lower density root system reported in winter rye (Kristensen and Thorup-Kristensen, 2004) , especially in our case, where winter rye was seeded later in the season and within 2 mo of soil sampling.
Th e NC-Man treatment oft en had the lowest abundance for all microbial population groups. Although the abundance of most microbial groups was not signifi cantly diff erent between the two NC treatments, those in the manured treatment were numerically lower than those in the N fertilizer treatment. As a result, some cover crop treatments diff ered signifi cantly (28) † KC-C, kura clover-corn; KC-F, kura clover forage; RC-C, red clover-corn; RC-F, red clover forage; IR-C, Italian ryegrass-corn; WR-C, winter rye-corn; NC-FN, nocover, N fertilized corn; NC-Man, no-cover, manured corn. ‡ TMB, total microbial biomass; AMF, arbuscular mycorrhizal fungi; Sapro, saprophytic fungi; Actino, actinomycetes; IsoBr, iso-branched lipids (Gm+); Cyclo, cyclopropyl lipids (Anaerobic/Gm-); Mono, monounsaturated lipids (Gm-); Fung/Bact, fungal/bacteria ratio. § The same letters within a column at each depth denote no signifi cant differences at P = 0.10 based on Duncan's New Multiple Range test. No letters within a column indicates no signifi cant differences within that depth increment.
from the NC-Man but not the NC-FN treatment. Th is is the opposite of what might be expected from the addition of a manure organic C source. Estimates of total above-and belowground biomass additions from corn and cover/forage crops, derived from measured yields and root/shoot ratios from the literature, showed that manure application increased the total organic material additions by approximately 40 to 80% in cover crop treatments and by >80% in the NC treatment (data not shown). A partial explanation for the lack of response to manure by microbial populations may be that the manure source was a relatively dilute, low-solids material from which some of the larger particle-size solids had been removed by solids separation. Th e solids from this manure appear to have very diff erent characteristics than organic material directly from crop residue and, therefore, contribute less to microbial and other soil quality indicators. Lupwayi et al. (2005) found variable eff ects of manure application on soil microbial biomass and greater increases from solid manure than from liquid. In a 120-d incubation study with soil amended with pig slurry, Plaza et al. (2007) observed an increase in microbial biomass C during the fi rst 14 d, followed by a decrease so that by 45 d and for the remainder of the experiment, there were no diff erences between the pig slurry-amended and the control soil. Th e authors viewed these transient eff ects on microbial biomass, as well as on total organic C, as consistent with the addition of easily degradable organic C compounds in the slurry. Th e low-solids liquid dairy manure used in our study, particularly with the removal of coarse particles via solids separation, may have behaved in a similar manner. Th e 7-mo time period from manure application to soil sampling may have minimized any short-term manure eff ects on microbial biomass and other soil parameters. Th is is supported by observation that the thin manure fi ber mat visible on the soil surface aft er application disappeared within about 2 mo.
Th e abundance of most microbial groups in the NC-FN treatment was lower than or equal to that in most cover crop treatments (Table 5) . However, the concentration of monosaturated lipids, an indicator of gram-negative bacteria, was higher in the 5-to 15-cm depth of the NC-FN treatment than in most cover crop treatments (Table 5 ). Gram-negative bacteria are likely an index of N cycling rates (Fraterrigo et al., 2006) , suggesting that N fertilizer had a stimulating eff ect on mineralization of N, as well as C, as proposed earlier.
Relationships of Active Carbon with Physical and Microbial Properties
As noted earlier, although there was a linear relationship between active soil C and total SOM (Fig. 1) , there were signifi cant treatment eff ects only for active C (Table 2) . Th e greater sensitivity of active C to management was also refl ected in relationships with microbial and physical properties. Total microbial biomass, as well as some lipid/ microbial groups, showed a logarithmic relationship with active C (R 2 of 0.36, 0.43, 0.32, and 0.32 for total microbial biomass, isobranched lipids, cyclopropyl lipids, and arbuscular mycorrhizal fungi; See Fig. 3 for total microbial biomass and isobranched lipids). Relationships with total SOM were weaker with R 2 values of half to two-thirds of those for active C (data not shown). Both large macroaggregates and mean weight diameter increased with increasing active C (Fig. 4) , and relationships with active C were stronger than those with total SOM, as indicated by higher R 2 values (0.65-0.69 vs. 0.55 for total SOM; data for SOM not shown). Th ese results give support for use of biologically active organic C as an indicator of microbial activity and its role in producing binding agents for aggregation (Sainju et al., 2003) .
Soil Quality Index (Soil Management Assessment Framework)
Th e SMAF SQI, a composite of scores, for the fi ve soil parameters measured in our study, ranged from 80 to 87 in the 0-to 5-cm depth and 73 to 83 in the 5-to 15-cm depth (Table 6 ). Treatment and depth main eff ects were signifi cant, as were treatment diff erences within individual depth increments. Where manure was applied, all cover/companion crops improved soil quality compared to no-cover, as indicated by the SQI. However, the SQI of the NC-FN treatment (no cover and no manure) was not signifi cantly diff erent from the cover-crop treatments. Th e SQI diff erences were mainly due to diff erences in scores for total organic C, water-stable aggregates, and bulk density, even though diff erences in treatments were not significant for some of the individual scores (Table 6) .
Comparisons of the observed soil attributes and the associated SMAF scores followed three of the four patterns outlined by Andrews et al. (2004) , and demonstrate the value of interpreting soil indicators in terms of function. For three indicators, observed and scored results were similar, both observed and scored being signifi cant for pH and bulk density (0-to 5-cm depth only) and both nonsignifi cant for water-stable aggregates (Tables 2, 3 , and 5). However, pH values were in the optimum range and scores were high, so they had minimal eff ect on SQI diff erences. Small diff erences were signifi cant because of low CVs (1-3%). On the other hand, although aggregate stability scores and attributes were both nonsignifi cant, the observed values fell in the ascending portion of the more-is-better scoring curve and contributed to SQI diff erences. (Use of the large size class of macroaggregates may have been a more useful choice to separate treatments because of the larger range of values and signifi cant diff erences, but SMAF algorithms have not yet been developed for specifi c aggregate-size fractions.) A second pattern is shown by soil test P, in which observed values in the 0-to 5-cm depth were signifi cantly diff erent but scores were not. Soil test P values all fell within the plateau portion of the midpoint optimum scoring curve (neither defi cient in terms of crop production, nor high enough for environmental concern), resulting in scores of 1.00 or 0.99. Th e third pattern was that of nonsignifi cant diff erences in the 0-to 5-cm-depth SOM values (from which total organic C values were estimated), but signifi cantly diff erent total organic C scores because they fell within the ascending portion of the more-is-better scoring curve.
Th ese SMAF results suggest that cover/companion crops incorporated into a manured silage corn system can improve soil quality, although the NC-FN treatment had similar SMAF scores. Lack of compaction from manure spreading in the nonmanured NC-FN treatment may have contributed to (17) 0.06 (5.6) † KC-C, kura clover-corn; KC-F, kura clover forage; RC-C, red clover-corn; RC-F, red clover forage; IR-C, Italian ryegrass-corn; WR-C, winter rye-corn; NC-FN, nocover, N fertilized corn; NC-Man, no-cover, manured corn. ‡ TOC, total organic carbon; AGG, aggregate stability (from Macro-All); pH, soil pH; STP, soil test phosphorus (Bray 1); BD, bulk density; SQI, soil quality index (Soil Management Assessment Framework). § The same letters within a column at each Depth denote no signifi cant differences at P = 0.10 based on Duncan's multiple range test. No letters within a column indicates no signifi cant differences within that depth increment.
the relatively high scores for physical parameters (water-stable aggregates and bulk density), although penetration resistance for the NC-FN treatment was in the mid-range, higher than several manured treatments. Liquid dairy manure alone, with the characteristics (low solids, partial solids removal) and application rates in this study, did not appear to benefi t soil quality.
SUMMARY AND CONCLUSIONS
Use of kura clover, red clover, Italian ryegrass, or winter rye as cover or companion crops improved several chemical, physical, and microbial soil properties and overall soil quality in a no-till silage corn system with dairy manure. While some specifi c companion/cover crops performed better for individual soil properties, none stood out as better for the whole range of soil attributes or for overall soil quality as determined with the SMAF SQI. Liquid dairy manure alone did not improve soil quality indicators, perhaps because a portion of the large particle-size solids had been removed by solids separation, resulting in a low-solids manure with more easily decomposable organic C and only transient eff ects on microbial activity and other soil qualities. For several soil quality indicators, the nonmanured no-cover treatment had values equivalent to those for some of the cover crop systems, and the overall SQI was not signifi cantly diff erent. A partial explanation, in terms of scores for physical properties, could be the avoidance of compaction from manure spreading. Although the soil quality benefi ts of cover crops and manure are typically attributed to additions of organic C, there were no signifi cant treatment eff ects on SOM. However, the active, or labile, C fraction was signifi cantly aff ected by treatments and showed good relationships with aggregate stability and microbial biomass. Th e lack of signifi cant cover/companion crop eff ects on total SOM and more pronounced eff ects on other properties may indicate that the relatively short (4-yr) time period of this experiment was not long enough to fully express the cropping eff ects on soil quality indicators. Also, during the 20-yr period before this experiment, the plot area was in no-till production with various crop rotations of winter wheat, alfalfa, corn, and soybean, and periodic applications of manure. Th is type of crop management would be expected to maintain higher SOM levels and better soil quality and, therefore, be less responsive to additions of organic material from cover crops and manure than land with a history of continuous silage corn and no manure additions. As is the case with most fi eld trials, the results of this experiment were aff ected by the specifi c soil and weather conditions under which it was run, and may not be applicable to a broad range of soils and environmental conditions. However, these results should be useful for similar soils in the northern corn belt.
